Objectives: Solvent exposure is among the most common occupational exposures to chemical toxicants; data about the impact of such exposure on semen parameters are contradictory. We conducted the first meta-analysis to evaluate the risk of alteration in semen parameters related to occupational exposure to solvents. Methods: From the PubMed database, we selected studies analyzing the semen of subjects occupationally exposed to solvents, compared with unexposed controls. The meta-analysis was performed on the various semen parameters analyzed in both populations. Results: Seven studies were included in the study. Solvent exposures are among the most frequent occupational exposures; these substances, especially organic solvents, are used in a wide variety of activities, including industries (painting, reinforced plastics, electronics, semiconductors, dry cleaning, and textile and leather), in laboratories (pharmaceutical, chemical, biological, or medical testing),and in theservicessector(care,cleaning,andcosmetology).
In the plastics industry, the most frequently used solvents are styrene and methylene chloride. 3 In the painting and printing sectors, paints contain various solvents, including toluene, xylene, ethylbenzene, n-decane, hexane, and glycol ethers (GEs). 3, 4 The main solvents present in the electronics sector and semiconductor industry are GEs.
However, other solvents, including xylene, n-butyl acetate, acetone, iso-propyl alcohol, and methanol, are also present. 3, 5 In dry cleaning, the main solvent used is perchloroethylene (PCE) 3 ; the textile and leather industry involves aliphatic and aromatic petroleum solvents other than benzene and chlorinated solvents. Laboratory activities can expose a worker to benzene, toluene, xylene, chloroform, methylene chloride, formaldehyde, isopropanol, or chloroform. The health care sector involves the use of sterilization products, some of which contain toluene or xylene. 6 Although some cross-sectional studies of the exposed/unexposed type [7] [8] [9] [10] or case-control 11, 12 have described various kinds of solvents affecting semen parameters, other exposed/unexposed studies did not find any significant association between the alteration of semen parameters and occupational exposure to these agents, although other effects were noticed (genotoxicity and decreased libido). [13] [14] [15] Given the contradictory data on this issue, the objective of our work was to conduct a meta-analysis to assess the risk of semen parameter impairment in relation to occupational exposure to solvents.
METHODS

Research Strategy
We carried out a literature search of articles studying semen parameters in solvent-exposed workers; for the meta-analysis, we followed the recommendations of the Preferred Reporting Items for Systematic Review and Meta-analyses (PRISMA) (http://www. prisma-statement.org).
Eligible publications were identified by a specific search from the PubMed database using the following Medical Subject Headings (MESH) terms: ''solvents,'' ''occupational exposure,'' ''semen analysis,'' ''infertility, male,'' and ''hydrocarbons'' with the filter ''human.'' We reviewed lists of bibliographic references of relevant articles to identify additional references. We did not have any publication date limit, and the search was carried out until June 30, 2017.
Inclusion and Exclusion Criteria
We retained all articles with abstracts, published in referenced scientific journals in English or in French that analyzed the relationship between occupational exposure to solvents and semen parameters.
Among these, we included studies analyzing semen parameters in men classified as occupationally exposed compared with those not exposed (controls) in the meta-analysis.
We excluded studies that met the following criteria:
(1) Case-control studies that analyzed occupational exposures to solvents in infertile versus fertile patients or that analyzed semen parameters in infertile patients exposed or not exposed to solvents; (2) Articles that met the inclusion criteria but did not provide the data necessary for the meta-analysis and/or the methodology of semen analysis; and (3) Studies that were different but were based on the same research and provided the same results.
Statistical Analysis
The analyses were performed with STATA statistical software package, version 13.1 (Copyright 1985 to 2013; StataCorp LLC, TX) using the command metan.
The results were expressed as a standardized mean difference (SMD) that is interpreted as the difference between the means of the two groups (exposed and unexposed) and divided by the pooled SD of the measurements. The SMD was calculated with 95% confidence intervals (95% CIs) for each study. Among the various methods used to combine the results of different studies in a meta-analysis, one of the most used is based on a two-assumption model. One of them is the fixed-effect model that presumes the weight of each study by the inverse of its variance (within-studies). 16 In the random-effect model, 17 each study is weighted by the inverse of its variance including the original (within-studies) variance and the betweenstudies variance. Using the I 2 statistic, we evaluated heterogeneity, as it represents the percentage of variance due to between-study factors rather than sampling error. 18 We applied a random-effects model, as we considered values of I 2 more than 50% to represent large heterogeneity. 19 The SMD with corresponding CI for each study and the overall random effect pooled estimate were shown in generated forest plots. We used funnel plots to check for the existence of publication bias when appropriate. 20 
RESULTS
Study Selection
The bibliographic research retrieved a total of 75 articles. Of these, as shown in Fig. 1, 14 studies 7,8,10,12,21 -30 were initially selected, as they fulfilled the inclusion criteria. We included seven more articles 13-15,31 -34 from the references cited in relevant articles obtained by the search strategy. We then excluded 14 articles for the following reasons:
(1) Five case-control studies 12,23 -26 ; (2) Eight studies meeting the inclusion criteria but with no data necessary for the meta-analysis available and/or the methodology of semen analysis 7, 8, 10, [13] [14] [15] 21, 22 ; and (3) One duplicate study. 28 
Characteristics of the Studies
A total of 272 exposed and 247 unexposed control men providing a semen sample were included; the lowest number of men per study was 20, and the highest was 113. Three studies were conducted in China/Taiwan, 27, 33, 34 three in the USA, [30] [31] [32] and one in Mexico. 29 For sperm morphology analysis, the percentage of abnormal forms was presented in three studies of the seven selected; we included only two 33, 34 studies in the meta-analysis using World Health Organization (WHO) sperm morphology classification because the third one 30 used another classification to determine the rate of abnormal forms. 35 For sperm motility analysis, we included five studies that provided the percentage of progressive motility, [29] [30] [31] [32] [33] and for sperm vitality analysis, the five studies that provided the values 27, 29, 31, 32, 34 (Table 1) .
Pooled Analysis of the Effect of Occupational Exposures on Semen Parameters Table 1 summarizes the population characteristics, types of implicated solvent, methods for exposure measurement, and semen analysis. Three of seven studies showed a significant impairment of one or several semen parameters in exposed men versus controls: ejaculate volume in workers exposed to carbon disulfide (CS 2 ), 34 sperm concentration and sperm morphology in workers exposed to aromatic solvents and CS 2 , 29, 34 sperm viability in workers exposed to CS 2 , 34 and sperm motility in workers exposed to aromatic solvents and N,N-dimethylformamide (DMF). 29, 33 Only one study 29 calculated odds ratios (ORs) to quantify the risk of semen parameter alterations in exposed men compared with controls; they showed a statistically increased higher risk for sperm concentration impairment [OR (95% CI) ¼ 14.13 (3.60 to 78.72)], for morphology impairment [OR ¼ 27.82, P < 0.001], and for motility [OR (95% CI) ¼ 9.67 (3.11 to 32.91)]. In the other studies, the results showed impairment (statistically significant or not) of at least one semen parameter in exposed men compared with controls. Conversely, some studies revealed sperm parameters that are not altered or even better (but not statistically significantly) in the exposed workers comparing to controls; this is the case for ejaculate volume in one study regarding aromatic solvents, 29 sperm concentration in one study regarding aromatic solvents, 27 sperm morphology in one study regarding PCE, 30 and sperm viability and motility in two studies regarding GE. 31, 32 Statistical analysis showed heterogeneous results (heterogeneity index I 2 > 50%); consequently, we used a random-effects model rather than a fixed-effects model.
We observed a significant decrease in ejaculate volume [SMD (95% CI) ¼ À0.35 (À0.63 to À0.07)] and sperm concentration [SMD (95% CI) ¼ À0.36 (À0.64 to À0.08)] in exposed men versus controls (Fig. 2) . The heterogeneity index I 2 was 57.1% (P ¼ 0.030) for ejaculate volume and 58.6% (P ¼ 0.024) for sperm concentration (Fig. 2) .
Sperm morphology, viability, and motility were not significantly reduced: SMD (95% CI) ¼ 1.06 (À0.15 to 2.27) for % abnormal morphology sperm, SMD (95% CI) ¼ À0.67 (À1.48 to 0.13) for % live sperm, and SMD (95% CI) ¼ À0.44 (À1.10 to 0.23) for % motile sperm (Fig. 3) . The heterogeneity index I 2 was 81.6% for morphology, 93.3% for viability, and 89.1% for motility (P ¼ 0.02 for sperm morphology and P < 0.001 for sperm viability and motility).
DISCUSSION
To the best of our knowledge, this is the first meta-analysis studying the impact of occupational exposure to solvents on semen parameters. We showed that occupational exposure to solvents was associated with a significant impairment of ejaculate volume and sperm concentration in exposed workers compared with unexposed workers.
Sperm concentration and ejaculate volume are related to male fertility. Indeed, Cooper et al 36 showed in a large international study that men in the reference most fertile population were characterized by a larger ejaculate volume and a higher sperm concentration than men in general population. Ejaculate volume and sperm concentration influences fertility by impacting the total sperm count in the ejaculate. Ejaculate volume is mainly related to the secretion of seminal vesicles, which are well known to be androgen-dependent glands. 37 A strong point of the selection process in our meta-analysis is that we included work-based studies comparing semen parameters between exposed and unexposed populations. We eliminated studies comparing semen analysis data in fertile versus infertile men attending fertility clinics, that is, five case-control studies from our bibliographic research. 12, [23] [24] [25] [26] In these studies, men were classified as exposed and not exposed based on their job and occupational exposures collected by means of questionnaire; job exposure matrix was also used. 12, 26 Using this design, it is difficult to characterize the various exposures, the types of solvents and to define properly exposed and unexposed subjects, especially for an exposure as broad as solvents. Therefore, we preferred to select only studies conducted in the workplace to ensure that exposed subjects were really occupationally exposed to solvents and that the controls were not. Among the 15 studies meeting these inclusion criteria, only seven studies provided all the data needed to be included in the meta-analysis.
The homogeneous design of the selected studies insured a detailed evaluation of the level of exposure to solvents by airborne concentrations and/or biomonitoring. In the study by Welch et al, 31 painters in a large shipyard had exposure to 2-methoxyethanol (2-ME) and 2-ethoxyethanol (2-EE) through aerosol and skin contact. The industrial hygiene survey assessing the atmospheric concentrations and analysis of urine metabolites [methoxyacetic acid (MAA) for 2-ME and ethoxyacetic acid (EAA) for 2-EE] documented that the painters were exposed to GE, while the controls were not. 31 Moreover, about half of the participants were considered exposed to lead, a known reproductive toxin. In the study by Ratcliffe et al 32 conducted in a metal castings company, full shift breathing zone exposure to 2-EE was measured and was completed by EAA in urine and 2-EE in blood, the latter giving results below Records aŌer duplicates removed (n = 21 )
Records screened (n = 21 )
Full-text arƟcles assessed for eligibility (n = 21 )
Full-text arƟcles excluded, with reasons (n = 14 ) -Case-control studies which analyzed occupaƟonal exposures to solvents in ferƟle paƟents versus inferƟle paƟents, or which analyzed semen parameters in inferƟle paƟents exposed or not to solvents (n = 5) -Studies which met the inclusion criteria but did not give the data necessary for the meta-analysis, and/or the methodology of semen analysis (n = 8) -Duplicate studies (n = 1) Studies included in quanƟtaƟve synthesis (meta-analysis) (n = 7 ) FIGURE 1. PRISMA flow diagram of the identification, screening, and inclusion phases of the study selection.
JOEM the detection limit. 32 Other reprotoxic exposures were reported by workers in the control group and some from the group exposed to 2-EE, including metal fumes and dusts, other solvents (eg, PCE), or heat and vibration.
For PCE exposure, Eskenazi et al 30 examined the relationships between semen parameters and expired air levels of this solvent using an exposure index based on job tasks in the previous 3 months (period of spermatogenesis) in dry cleaners and laundry workers (controls). 30 The dry cleaners exhaled higher levels of PCE than did the laundry workers, but the latter reported working under hotter conditions. For aromatic solvents, De Celis et al 29 used continuous monitoring of all rubber factory areas during the workday, revealing significant levels of ethylbenzene, benzene, toluene, and xylene. In the study by Xiao et al, 27 the air concentration of benzene, toluene, and xylene in workplaces (shoemaking, spray painting, paint manufacturing) exceeded the maximum allowable concentration (MAC) in China. The authors also measured these three solvents in the subject's blood and semen; they were detected in exposed workers (not all) but were not found in the control group.
In the study by Chang et al 33 in a synthetic leather factory in Taiwan, breathing-zone monitoring of DMF exposure covering the full work shift and urinary dosing of N-methylformamide (NMF) (a DMF metabolite) were implemented for each participant. None of the controls had detectable airborne DMF nor urinary NMF. In exposed subjects, sperm motility was negatively related to urinary NMF but was not related to airborne DMF. Ma et al 34 recruited workers from the filature and cotton pulp departments of a fabric factory in China and referred to airborne monitoring spots for CS 2 over 3 years, levels known to be higher than the MAC in China.
A limit of the selected studies is the participation rate, which is low, as usually observed in studies of semen quality of workers. The authors specified the participation rates for four studies of seven. The participation rates in exposed and control workers were 43% and 92% for Xiao et al, 27 38% and 34% for Eskenazi et al,
30
50% and 32% for Welch et al, 31 and 50% and 26% for Ratcliffe et al, respectively. 32 Low participation rate may result in bias if men with known infertility problems are more likely to participate in exposed group than in the unexposed group or vice versa. Welch et al 31 conducted a follow-up survey of a group of exposed and control nonparticipants; they concluded that the man who participated were not more likely to have a fertility problem than those who declined to participate.
Concerning the characteristics of the populations, controls were age matched with exposed workers in some studies 27, 30, 33 or showed no statistical difference in age, 29 tobacco, and alcohol consumption. 27, 30, 32, 33 The groups did differ in these factors that may affect semen analysis, in the study by Welch et al. 31 Other differences existed in the level of employment or education or geographical origin. 27, 30 The meta-analysis revealed a significant decrease in ejaculate volume in relation to solvent exposure, while a statistically significant impairment of ejaculate volume was shown in only one study (44 men exposed to CS 2 vs 34 controls) of the seven studies included in the meta-analysis. 34 According to the European harmonized classification, CS 2 is suspected of damaging fertility and the unborn child (category 2). 38 As stated in the literature, the mechanism of action of CS 2 on ejaculate volume could be an impairment of libido and sexual functions by hormonal disruption (gonadotropin and testosterone alterations) 15, 39 that could impact ejaculation. In workers exposed to DMF, hormonal disruption could also be involved in the decrease in ejaculate volume. 40 For the other types of solvents included in the meta-analysis, no known mechanism of action could be associated with a decrease in ejaculate volume.
Similarly, although the meta-analysis showed a significant impairment of sperm concentration, only two studies included in the meta-analysis revealed such a significant result: 44 men exposed to CS 2 versus 34 controls 34 and 48 workers exposed to aromatic solvents versus 42 controls. 29 According to the literature, the mechanism of action of CS 2 on sperm concentration could be hormonal disruption (gonadotropin and testosterone alterations) 15, 39 and the induction of apoptosis in immature germ cells, possibly impacting spermatogenesis. 41 For aromatic solvents, the potential mechanisms of action on sperm concentration vary depending on the type of solvent. According to the European classification, toluene is suspected of damaging the unborn child but not fertility. 38 Only one in vivo animal study described spermatogenesis impairment 42 ; these findings indicated that toluene did not directly affect spermatogenic cells within the testis but may act on spermatozoa within the epididymis in rats. No data are available for humans regarding toluene's impact on semen parameters. A Swedish occupational study 43 showed decreasing plasma concentrations of LH and testosterone associated with increasing exposure concentrations of toluene. Conforming to the European classification, benzene may cause genetic defects (mutagenic on germ cells, category 1B) and cancer (category 1A), 38 but it is not considered toxic for reproduction. Nevertheless, several publications conducted in humans exposed to benzene reported impairment of semen parameters and sperm nuclei. 9, 10, 44, 45 According to the literature, the mechanism of action could involve DNA damage in immature germ cells 45, 46 and cytotoxicity via critically toxic metabolites and free radicals. 47 Xylene and ethyl benzene are not classified as toxic for reproduction because of a lack of robust data.
In another study, not included in the meta-analysis, Multigner et al 21 described a significant decrease in sperm concentration in workers exposed to GE. They suspected that the mechanism of action was related to MAA, the main metabolite of GE, that could be toxic to DNA synthesis and cytochrome C oxidase.
A statistically significant decline of sperm concentration was also described in workers exposed to styrene in the reinforced plastics industry. 8 Conversely, no such differences in semen concentration between exposed versus unexposed group were found in other studies. 7, 14 The meta-analysis showed no significant impact of occupational exposure to solvents on morphology, viability, and motility of spermatozoa. For the analysis of sperm morphology, the seven selected studies were very heterogeneous; consequently, we could only include two studies with the same methodology. 33, 34 Indeed, three studies did not analyze sperm morphology, 27, 31, 32 one expressed the sperm morphology by % of normal forms, 29 and three expressed the sperm morphology by % of abnormal forms, 30, 33, 34 including only two with the same classification according to WHO guidelines. 33, 34 Although these two studies showed a tendency or a significant increase in abnormal forms in exposed men (CS 2 for Ma et al 34 and DMF for Chang et al 33 ) , the meta-analysis probably lacked power to detect a significant variation in sperm morphology between exposed and unexposed men.
The absence of a significant impact on sperm motility and vitality from occupational exposure to the solvents analyzed in the seven selected studies of our meta-analysis could be related to the various expected mechanisms of action of GE, 31, 32 aromatic solvents, 27, 29, 30 and DMF. 33 Indeed, for GE exposures, in accordance with studies from Welch et al 31 and Ratcliffe et al, 32 Multigner et al 21 showed no difference in sperm progressive motility or viability between the exposed and control groups. The main mechanism of reprotoxic action of GE is toxicity to the germinal epithelium of the testis in animals 48 ; this mechanism is expected to particularly impact sperm concentration but not sperm motility and vitality. Conversely, for aromatic solvents and DMF, the impact on motility is expected to be related to their mechanism of reprotoxic action. Indeed, among aromatic solvents, benzene metabolites and free radicals can generate lipid peroxidation that modifies the sperm plasma membrane and may decrease sperm motility, 49 and toluene could induce physicochemical alterations of the seminal plasma, which can also modify sperm motility. 50 DMF could impair mitochondrial function that is a very important factor of sperm motility. 51 One limit of our study is the heterogeneity we observed in our meta-analysis; it may be related to the various types of solvents to which workers were occupationally exposed in the studies we selected: 2-ME and 2-EE, 31 ,32 PCE, 30 hydrocarbons, 27,29 DMF, 33 and CS 2 . 34 Indeed, the impact on semen parameters can vary depending on the solvent's nature.
Another potential confounding factor could be the methodology used for semen analysis. In all the selected studies, semen analysis was performed according to the WHO criteria. Between 1988 (the oldest study included in the meta-analysis) and 2010 (the newest), the normality thresholds were revised in 1992, 1999, and 2010. 52 Consequently, the various studies do not use the same definitions of semen parameter normality; nevertheless, this did not influence our results. Indeed, the meta-analysis was based on numerical and not qualitative data (oligospermia, asthenospermia, or teratospermia).
